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Abstract. Our test of the hypothesis that biomass and nitrogen would increase with
more species-rich plantings simultaneously vegetated a salt marsh restoration site and dem-
onstrated that on average, randomly chosen, 6-species plantings accumulated more biomass
and nitrogen than the mean for 0- and 1-species assemblages, with the mean for 3-species
assemblages being intermediate. In addition, we found that individual species (from the
pool of eight native halophytes) differed in their functional capacity, with Salicornia vir-
ginica (Sv) and Jaumea carnosa contributing the greatest biomass when planted alone,
while Triglochin concinna had the highest tissue N concentrations. When planted alone,
Sv accumulated comparable amounts of biomass and nitrogen as in the multispecies plots,
indicating that individual species can have a large effect on particular functions. Soil TKN
in the surface 0–5 cm was greater in 6-species plots than unplanted plots in 1999, while
both 3- and 6-species plots were greater than unplanted plots in 2000; however, there were
no differences at 5–20 cm depth and no species-specific effects. Root and shoot biomass
both increased with species richness, with total biomass of 6-species plots averaging 995.6
6 120.5 g/m2 in 2000, compared to the mean for 1-species plots (572.1 6 90.3 g/m2) and
unplanted plots (164.5 6 24.7 g/m2). Still, at the age of three years, root biomass was only
about one-third that of the species-rich reference site, and shoot biomass was one-half to
one-fifth the maxima reported for reference salt marshes. Species-specific effects were found
for Sv, which had high biomass of both roots and shoots in the multispecies plots (55%
of aboveground biomass in 3-species plots and 41% in 6-species plots) and the highest
pool of N (52% of the N pool in 3-species plots and 42% in 6-species plots), even though
only one-eighth of the initial plantings were Sv. However, when plots with this species
were excluded from the analysis, the species-richness effect persisted. Thus, ecosystem
function, as measured by biomass and N accumulation, increased with species richness
regardless of dominance by the highly productive Sv. We conclude that manipulating the
richness and composition of plantings offers ecosystem restorationists an effective tool for
accelerating the rate of functional development.
Key words: biodiversity; diversity; ecosystem functions; nitrogen; richness; Salicornia virginica;
salt marsh; wetland restoration.
INTRODUCTION
The last decade has seen an explosion of interest in
the relationship between species diversity and ecosys-
tem function, with many experiments supporting pos-
itive relationships between species richness and pro-
ductivity, despite controversies over the interpretation
of results (Schulze and Mooney 1993, Naeem et al.
1994, Huston 1997, Tilman et al. 1997, 2001, Schwartz
et al. 2000, Tilman 2000, Engelhardt and Ritchie 2001).
To date, researchers have asked how the loss of species
diversity affects ecosystem functioning (Naeem et al.
1994, Chapin et al. 2000, Tilman et al. 2001), focusing
on the concern of global impacts to species diversity
(Pimm et al. 1995, Gaston 2000). But as natural habitats
Manuscript received 29 April 2002; revised 18 December
2002; accepted 30 January 2003; final version received 26 Feb-
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continue to be lost, conservationists become increas-
ingly dependent on restoration efforts for improving
the status of degraded ecosystems (Daily 1995, Dobson
et al. 1997). Hence, we asked a corollary question:
Does increasing the number of species accelerate the
development of functions in restored ecosystems?
Improving our ability to restore functional ecosys-
tems requires that we identify the factors that constrain
ecosystem development (Simenstad and Thom 1996).
Attempts to understand natural ecosystem development
date to Odum’s seminal paper (1969), and the devel-
opment of ecosystem functions has been linked to the
accumulation of soil organic matter (Jenny 1941,
Crocker and Major 1955) and the soil nutrient pool
(Chapin et al. 1986, Vitousek et al. 1993, Schlesinger
et al. 1998, Crews et al. 2001). However, few inves-
tigators have followed the cycling and retention of car-
bon and nutrients in restoration sites over long time
periods (Bishel-Machung et al. 1996, Simenstad and
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Thom 1996, Craft et al. 1999, Shaffer and Ernst 1999,
Zedler and Callaway 1999), and none has linked chang-
es to biodiversity (e.g., the number of species of plants
that comprise the vegetation). If it could be demon-
strated that organic matter and nutrients accumulate
readily in ecosystems restored with certain species or
with a diversity of species, then planting protocols
could be developed to accelerate the restoration pro-
cess.
A newly excavated (and bare) restoration site at Ti-
juana Estuary, southern California, offered the oppor-
tunity to test relationships between ecosystem devel-
opment rates and the composition and the species rich-
ness of plantings. The naturally occurring marsh plain
community has eight common halophytes (mostly suc-
culents) that are amenable to planting. We hypothesized
that the ecosystem would develop more rapidly (i.e.,
accumulate more biomass and nitrogen) if planted with
certain species (such as the regional dominant) or a
high initial number of species. We selected N as a focus
because salt marshes in this and other regions are
known to be N limited (Valiela and Teal 1974, Patrick
and DeLaune 1976, Buresh et al. 1980, Covin and Zed-
ler 1988), and N is of special concern for restored and
created wetlands (Craft et al. 1988, 1991, Langis et al.
1991, Gibson et al. 1994, Boyer and Zedler 1998). We
did not consider tests of functional groups (Hooper and
Vitousek 1997, Tilman et al. 1997), because previous
greenhouse experiments (Sullivan and Zedler 1999)
failed to identify such groupings based on biomass and
N retention of these same eight halophytes. Lacking
functional groups, we chose to vary species richness,
growing species alone and in randomly drawn assem-
blages. In addition, we were able to explore species-
composition effects by subdividing the randomly cho-
sen assemblages into sets with and without the regional
dominant, Salicornia virginica (Zedler et al. 2001). Be-
ing a restoration site, plantings were allowed to change
in composition over time via recruitment from seeds
that were either produced on site or dispersed naturally
(e.g., by the tides).
Specifically, we predicted that (1) soil in unplanted
plots would accumulate nitrogen most slowly; (2) S.
virginica would accumulate more biomass and nitrogen
than other species; (3) species-rich plantings would in-
crease the rates of biomass accumulation and N reten-
tion; and (4) plots with plantings that rapidly accu-
mulated shoot biomass would suppress the accumula-
tion of biomass contributed by unplanted species. We
focused on plant biomass and N concentrations in plant
tissues in midwinter, after the growing season had end-
ed and plants were relatively dormant. Winter sampling
ensured that storage belowground was maximized, as
this community is semidormant during the coldest
months (Onuf 1987). In addition, we measured the N
content of soil during the growing season and the
change in diversity due to recruitment. Related papers
from this same experiment explore two additional re-
sponse variables: canopy architecture (Keer and Zedler
2002) and seedling recruitment (Lindig-Cisneros 2001,
Lindig-Cisneros and Zedler 2002).
METHODS
Site description
Research was conducted at the Tidal Linkage (Fig.
1), an excavated salt marsh plain within the Tijuana
River National Estuarine Research Reserve, hereafter
Tijuana Estuary. The Tidal Linkage was designed to
add salt marsh habitat and to improve tidal flow by
connecting two tidal channels within the north arm of
Tijuana Estuary. This 0.7-ha project was the first part
of a 200-ha adaptive plan for tidal restoration within
the estuary. The area was excavated from disturbed
upland in late 1996 and graded in early 1997. We used
a 90-m stretch of marsh plain along the tidal channel
for our experimental plots (Fig. 1).
Design, site preparation, and planting
In order to evaluate the effect of species richness
and compare individual species on ecosystem functions
within this newly restored site, we established a series
of treatment plots with 0, 1, 3, or 6 plant species. Plants
were chosen from a pool of the eight most common
marsh plain species in southern California: Batis mar-
itima (Bm, perennial trailing succulent), Frankenia sal-
ina (Fs, perennial upright forb), Jaumea carnosa (Jc,
perennial trailing succulent), Limonium californicum
(Lc, perennial basal rosette with taproot), Salicornia
bigelovii (Sb, annual upright succulent), Suaeda ester-
oa (Se, short-lived succulent subshrub), Salicornia vir-
ginica (Sv, perennial succulent subshrub), and Trig-
lochin concinna (Tc, winter ephemeral succulent gra-
minoid). Additional plant attributes appear in Sullivan
and Zedler (1999). We established five blocks along
the tidal channel (A–E, west to east; Fig. 1) and planted
five replicates of each of the 8 species alone (1 repli-
cate/block), and 15 unique combinations of randomly
chosen 3- and 6-species assemblages (3 replicates/
block; Table 1). In addition, we established 15 plots
with no plants (3 replicates/block). One plot each of
the most common naturally occurring 3- and 6-species
assemblages was also planted (total 5 87 plots), but
only the 85 randomly selected treatment plots are in-
cluded as a test of diversity effects.
Plots were 2 3 2 m, spaced 0.75 m apart. A hardpan
was ripped up using a track-hoe. Fine sediment was
salvaged from the nearby tidal flat, and a thin layer of
this sediment was worked into the mineral substrate
prior to planting. We rototilled each plot and used hand
shovels to homogenize the top 20–25 cm of soil and
grade the surface of the plots. Following mixing, each
plot surface was smoothed with a hand trowel.
The elevation of each plot was determined with a
surveyor-grade autolevel, relative to an adjacent bench-
mark. The benchmark elevation had been transferred
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FIG. 1. Location of the Tidal Linkage and the layout of experimental plots. Blocks are indicated, and the random layout
of one block is shown. Numbers identify unplanted (0), 3-species, and 6-species plots. Codes indicate the species planted
in 1-species plots: Bm 5 Batis maritime, Fs 5 Frankenia salina, Jc 5 Jaumea carnosa, Lc 5 Limonium californicum, Sb
5 Salicornia bigelovii, Se 5 Suaeda esteroa, Sv 5 Salicornia virginica, and Tc 5 Triglochin concinna.
from a USGS certified benchmark within 1000 m of
the site using RTK (real-time kinematic) corrected
global positioning system equipment (;2 cm accura-
cy). The 85 plots ranged 0.37 m in elevation, from 0.77
to 1.14 m NGVD (National Geodetic Vertical Datum
5 the 1929 mean sea level). The grand mean elevation
was 0.916 6 0.009 m NGVD, and means for each of
the blocks were as follows: (A) 0.859 6 0.014 m; (B)
0.896 6 0.18 m; (C) 0.930 6 0.19 m; (D) 0.904 6
0.11 m; and (E) 0.992 6 0.024 m. Mean elevations
differed significantly between blocks (P 5 0.001).
However, when both elevation and block were included
in analyses of biomass or N, elevation had no effect
on ecosystem properties, so elevation was dropped
from further analyses.
Locally collected seeds were germinated in Decem-
ber 1996, and seedlings were grown in the greenhouse
until they were planted in the field in April 1997. Seed-
lings were planted in a 9 3 10 grid with 20-cm spacing
between plants, for a total of 90 plants per plot. Mul-
tispecies assemblages had 30 individuals of each spe-
cies (for 3-species plots) or 15 (for 6-species plots) in
a repeating pattern that allowed for maximum inter-
action among species and minimized spatial patchiness
within plots. To reduce edge effects, the outer 30-cm
border of the plots was avoided during sampling.
We removed ‘‘volunteer’’ seedlings of all species
that were not planted in a plot during the first two
growing seasons (1997 and 1998) in order to facilitate
growth of planted species (see Keer and Zedler 2002).
Using reserved greenhouse-grown seedlings, we re-
placed transplants that died in 1997 and over the 1997–
1998 winter (,10% in 1997; ,20% in 1998; Zedler et
al., in press). After two full growing seasons, we al-
lowed recruits to colonize all plots and stopped re-
placing dead plants (cf. Lindig-Cisneros 2001).
Soil and root sampling
Soil samples were collected in April 1997, August
1999, and August 2000. Samples were collected from
eight randomly selected plots within each block in
April 1997, and from all plots in 1999 and 2000. On
each date, three haphazardly located soil cores (1.75
cm diameter) were collected from a plot and sectioned
into 0–5 cm and 5–20 cm depths. Samples from the
three cores were composited, dried, ground, and ana-
lyzed for N. In 1997 only samples from 0–5 cm were
analyzed.
Belowground plant material was collected using soil
cores in February–March 1999 and January 2000.
Three cores were randomly located within each plot,
and belowground samples were collected with a 10 cm
diameter coring tube (Hargis and Twilley 1994). Two
cores were collected to 18 cm, and only one was col-
lected to 24 cm to reduce impacts to the restoration
site. All cores were sectioned into 6-cm intervals in
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TABLE 1. Randomly assigned 3- and 6-species assemblages
planted at the Tidal Linkage, Tijuana Estuary, California.
Three-species
assemblages Six-species assemblages
Lc Tc Jc
Tc Se Sv
Sv Fs Bm
Tc Bm Sb
Fs Sv Tc
Bm Lc Se
Se Sv Jc
Lc Fs Jc Sb Tc Sv
Jc Se Sb Sv Tc Bm
Se Fs Lc Tc Sb Jc
Sb Sv Se Fs Tc Jc
Fs Sv Sb Jc Bm Lc
Bm Tc Jc Lc Se Sv
Jc Lc Sv Sb Se Bm
Se Sv Fs
Jc Lc Se
Lc Se Tc
Sb Jc Sv
Tc Sb Jc
Bm Lc Fs
Sv Jc Lc
Fs Jc Sb
Lc Sb Se Tc Sv Fs
Jc Bm Lc Fs Tc Se
Se Sb Sv Bm Fs Lc
Bm Sb Jc Fs Tc Sv
Tc Sb Lc Sv Se Jc
Sv Lc Se Fs Bm Tc
Tc Bm Lc Fs Jc Sb
Jc Bm Sv Fs Tc Se
Notes: Bm 5 Batis maritima (perennial trailing succulent),
Fs 5 Frankenia salina (perennial upright forb), Jc 5 Jaumea
carnosa (perennial trailing succulent), Lc 5 Limonium cali-
fornicum (perennial basal rosette with taproot), Sb 5 Sali-
cornia bigelovii (annual upright succulent), Se 5 Suaeda es-
teroa, (short-lived succulent subshrub), Sv 5 Salicornia vir-
ginica (perennial succulent subshrub), and Tc 5 Triglochin
concinna (winter ephemeral succulent graminoid).
order to evaluate rooting depths with methods com-
parable to those used in the companion greenhouse
experiment (G. Sullivan, unpublished data). Following
collection, samples were transported to the laboratory,
refrigerated, and carefully rinsed over a 0.45-mm
screen. All roots and rhizomes were collected, dried,
and weighed. It was not possible to sort root samples
by species.
By 2000, a substantial ‘‘turf’’ of green and blue-
green algae had accumulated on the marsh surface. This
was scraped off the soil surface and rinsed separately
from roots.
Shoot sampling
In January 2000, shoots were harvested within a ran-
domly located subplot (20 3 120 cm, encompassing
six original plants) within each plot. All aboveground
vascular plant material was clipped at the soil surface,
sorted by species, and bagged. Any vascular plant litter
on the soil surface and plant fragments that could not
be identified to species were classified as litter and
bagged separately. Plant material was returned to the
laboratory, refrigerated, and rinsed over a 0.45-mm
screen to remove adhering soil and salt. Tissue samples
were collected, dried, and weighed. We classified shoot
biomass of each species in a plot as either planted or
unplanted based on the original assemblage planted in
that plot.
TKN (total Kjeldahl nitrogen) analysis
All soil and tissue samples were analyzed for N con-
centration. Root samples were analyzed by depth, al-
though samples from some cores in 1999 were com-
posited across depths because of low total biomass. In
addition, we analyzed only the N concentration of root
samples from 0 to 18 cm depth, because biomass from
18 to 24 cm was too low. Algal turf samples were
analyzed for N concentration separately from root sam-
ples. Shoots were analyzed separately by species within
each plot, and litter samples were also analyzed sep-
arately for each plot. Soil samples were ground with a
mortar and pestle, and tissue samples were ground with
a Wiley mill to pass a number 40 mesh screen (0.42-
mm openings). A subsample (0.2 g for soils; 0.4 g for
tissue samples) was digested using a standard Kjeldahl
digestion, and the nitrogen concentration (TKN) of the
digestate was analyzed using an autoanalyzer. The N
pool for each plot was calculated based on root, shoot,
litter, and turf tissue biomass and tissue N concentra-
tions.
Statistical analysis
We used a two-way ANOVA with interactions (fac-
tors: block and species richness) to test for effects of
species richness on soil N concentrations, root and
shoot biomass, unplanted biomass, turf biomass, tissue
N concentrations, and total N accumulation. The 15
plots of 0, 3, and 6 species were used in this analysis,
along with 15 randomly chosen 1-species plots. In or-
der to test for species-specific effects on the same pa-
rameters identified above, we used a two-way ANOVA
without interactions (factors: block and species), with
the five replicate plots of each of the eight species
planted alone. In all cases, multiple comparisons were
made using Tukey’s post hoc tests.
In order to evaluate whether the inclusion of the
regionally dominant species (Sv) was driving the re-
lationship between species richness and function, we
performed regression analyses of species diversity vs.
total biomass and N retention in 2000 for all plots and
for those without Sv. For this analysis we first used the
15 plots of 0, 3, and 6 species and the 15 randomly
chosen 1-species plots (total n 5 60), and then we
repeated the regression for plots without Sv, including
0-species plots (n 5 15), 1-species plots (n 5 13), 3-
species plots (n 5 8), and 6-species plots (n 5 3; total
n 5 39). All data were analyzed using SYSTAT version
9 (SYSTAT 1999). Means 6 1 SE are reported in the
text.
RESULTS
Soils
At the time of planting (April 1997), surface (0–5
cm) soil TKN concentrations averaged 0.353 6 0.008
mg/g, while in August 1999, the mean surface con-
centration was slightly higher (Table 2). Soil N con-
centrations in surface samples increased with increas-
ing species richness in August 1999, with 6-species
plots being greater than unplanted plots (P 5 0.009;
Table 2). There was no difference among the 1-species
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TABLE 2. Mean soil TKN concentrations (mg/g) from August 1999 and August 2000 at the Tidal Linkage, Tijuana Estuary,
California.
Treatment
1999
0–5 cm 5–15 cm
2000
0–5 cm 5–15 cm
Overall mean (n 5 85)
Unplanted (n 5 15)
1-species
3-species
6-species
Bm (n 5 5)
Fs
0.398 6 0.010†
0.348 6 0.024
0.396 6 0.020
0.404 6 0.029‡
0.469 6 0.026
0.393 6 0.024
0.406 6 0.029
0.230 6 0.005
0.222 6 0.008
0.239 6 0.011
0.226 6 0.014
0.258 6 0.010
0.246 6 0.025
0.212 6 0.015
0.464 6 0.013
0.371 6 0.016
0.451 6 0.025
0.528 6 0.037
0.487 6 0.029
0.477 6 0.081
0.452 6 0.050
0.224 6 0.006
0.223 6 0.011
0.221 6 0.013
0.231 6 0.022
0.234 6 0.014
0.234 6 0.027
0.191 6 0.019
Jc
Lc
Sb
Se
Sv
Tc
0.408 6 0.036
0.389 6 0.031
0.370 6 0.036
0.418 6 0.032
0.412 6 0.037
0.311 6 0.028
0.227 6 0.018
0.236 6 0.013
0.208 6 0.014
0.234 6 0.024
0.236 6 0.017
0.201 6 0.019
0.453 6 0.064
0.437 6 0.041
0.484 6 0.033
0.554 6 0.051
0.526 6 0.029
0.354 6 0.042
0.235 6 0.028
0.214 6 0.020
0.206 6 0.032
0.216 6 0.024
0.224 6 0.026
0.223 6 0.016
Note: See Table 1 for species names.
† One sample missing data (n 5 84).
‡ n 5 14.
plots (P 5 0.361); i.e., there was no species-specific
effect. Soils at lower depths (5–20 cm) had lower N
concentrations than surface samples. There was no ef-
fect of increasing species richness (P 5 0.067) or any
species-specific effect (P 5 0.458) in the samples from
5 to 20 cm (Table 2). We found a block effect (P 5
0.017) for surface soil in April 1997, with the highest
concentrations at the east end of the site (block E, mean
5 0.386 6 0.017 mg/g). Differences among blocks also
were significant in August 1999 in surface soils (P 5
0.027) and in deeper soils (P 5 0.008), although pat-
terns varied with higher values for surface soils in cen-
tral blocks (B and C) and higher values in block E for
samples from 5 to 20 cm.
As in 1999, soil N concentrations increased with
increasing species richness in surface samples in Au-
gust 2000 (P , 0.001; Table 2), with both 3- and 6-
species plots being greater than unplanted plots. There
was no effect of species richness on samples from 5
to 20 cm (P 5 0.841), and there was no species-specific
effect in 2000 in either surface samples (P 5 0.226)
or those from depth (P 5 0.714). Block effects were
significant at both depths (0–5 cm, P 5 0.027; 5–20
cm, P , 0.001); however, trends varied by depth.
Root biomass, 1999 and 2000
In both 1999 and 2000 (two and three years after
planting), root biomass (which includes rhizomes) in-
creased with increasing species richness (Fig. 2; P ,
0.001 for both 1999 and 2000). Plots with 6 species
had more root biomass than plots with 1 species in both
years (P 5 0.011 in 1999 and 0.029 in 2000), while
3-species plots were intermediate (Fig. 2). Unplanted
plots had less root biomass than planted plots in all
cases (P , 0.01), except for comparisons between
1-species plots and unplanted plots in 1999 (P 5
0.061). Root biomass approximately doubled from
1999 to 2000; 3-species plots increased from 175.7 6
30.6 to 440.2 6 65.8 g/m2, while 6-species plots went
from 250.2 6 25.5 to 498.9 6 63.7 g/m2. Despite rapid
development, root biomass at the Tidal Linkage re-
mained substantially below values found in natural salt
marshes at Tijuana Estuary, which were ;1426.5 6
280.8 g/m2 in multiple-species areas (n 5 8) and 1204.8
6 182.7 g/m2 in monoculture areas (n 5 7) dominated
by Sv (based on cores collected in September 1998 to
25 cm; Pacific Estuarine Research Laboratory, unpub-
lished data).
In 1-species plots, there were species-specific dif-
ferences in root biomass accumulation in both 1999 (P
, 0.001) and 2000 (P , 0.001). Single-species plots
with Sv and Jc accumulated the greatest root biomass
(Fig. 2) with values close to 500 g/m2 in 2000. Patterns
among species were similar in both years, with Sv and
Jc also having the greatest root biomass in 1999. Bm,
Lc, and Fs had intermediate values of root biomass in
both years, followed by Se and Sb. Tc plots had the
lowest biomass in both years (Fig. 2). All species had
large increases in root biomass between 1999 and 2000
(up to 500% increase for Tc), with most species in-
creasing between 50 and 100%.
In all cases, root biomass was greatest in the top 0–
6 cm, with 63%, 67%, and 64% of biomass in the
surface sections of 1-, 3-, and 6-species plots, respec-
tively, in 2000. The percentage of roots in the 18–24
cm section ranged from 5.2% to 6.0% across these
treatments. Within the 1-species plots, the percentage
of root biomass in the surface sections ranged from
54% to 68% for all species, with the exception of Sv
(75%) and Lc (45%). Deep roots (in the 18–24 cm
section) ranged from 4.0% to 6.0% for all species ex-
cept Bm (8.2%), Lc (9.2%), and Tc (9.6%).
The biomass of algal turf on the sediment surface
was 4–6 times greater in planted plots (52.0 6 10.4 g/
m2, 1-species; 51.4 6 12.6 g/m2, 3-species; and 70.3
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FIG. 2. Mean root biomass in 1999 and 2000 (11 SE). Means by species-richness treatments are on the left, and means
for each of the individual species, planted alone, are on the right. Different lowercase letters above data bars indicate that
means were significantly different (P . 0.05) based on Tukey’s multiple comparisons. Species abbreviations are explained
in the Fig. 1 legend.
FIG. 3. Mean shoot biomass in 2000 for species-richness treatments (11 SE). Bars are divided to indicate the amount
that individual species contributed within each species-richness treatment. The contribution from litter (undifferentiated by
species) is also indicated. Different lowercase letters above data bars indicate that means were significantly different (P .
0.05) based on Tukey’s multiple comparisons. Species abbreviates are explained in the Fig. 1 legend.
6 12.6 g/m2, 6-species) than in unplanted plots (12.1
6 2.8 g/m2; P , 0.039). In the 1-species plots, turf
biomass ranged from 20.8 6 6.3 (Tc) to 82.6 6 20.5
(Fs) g/m2, but there were no significant species-specific
effects on turf biomass (P 5 0.211).
Shoots and total biomass, 2000
As with roots, shoot biomass increased with increas-
ing species richness (P , 0.001; Fig. 3). Six-species
plots averaged 496.7 6 65.8 g/m2 and were greater than
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FIG. 4. Mean shoot biomass in 2000 in 1-species plots for planted (top) and unplanted species (bottom). In the top panel,
bars are divided to indicate the contribution from the planted species and from litter. In the bottom panel, the bars are divided
to indicate the amount that other species contributed as unplanted biomass. Different lowercase letters above data bars indicate
that means were significantly different (P . 0.05) based on Tukey’s multiple comparisons. Species abbreviations are explained
in the Fig. 1 legend.
1-species plots (299.3 6 38.7 g/m2; P 5 0.026), with
3-species plots being intermediate (441.9 6 79.8 g/m2).
Unplanted plots had substantially less biomass than all
planted plots (93.5 6 19.7 g/m2; P , 0.02 for all mul-
tiple comparisons). After three growing seasons, the
average amount of shoot biomass that accumulated in
the planted plots was similar to root biomass across all
species levels (Figs. 2 and 3). We lack recent data on
biomass of multispecies vegetation in Tijuana Estuary;
however, Zedler et al. (1980) found that peak biomass
(live, dead, and litter) on the marsh plain averaged 915–
1150 g/m2 over a three-year period. Also, Covin and
Zedler (1988) measured 1316 g/m2 for Sv in Tijuana
Estuary in August, and Boyer et al. (2001) found 444
g/m2 in areas dominated by Sv in Mugu Lagoon (240
km northwest of Tijuana Estuary) in January and 999
g/m2 at peak biomass in June and August.
Sv and Lc had the greatest shoot biomass in plots
where each was grown alone (Fig. 4), with Sv plots
averaging 579.6 6 68.5 g/m2 and Lc averaging 385.0
6 69.8 g/m2. Tc shoot biomass was less than all other
species, with only 7.0 6 1.9 g/m2, which was com-
parable to shoot biomass that accumulated in the un-
planted plots (9.2 6 3.0 g/m2). The five other species
ranged from 126 to 341 g/m2. Sv had the greatest total
biomass (1079.9 6 128.3 g/m2), which was greater than
all other species except for Jc and Lc. Tc was lowest
and different from all except Sb and Se. Among in-
dividual species, Fs had the greatest root:shoot ratio
(1.71), followed by Jc (1.45) and Bm (1.45), with Sb
(0.49) and Se (0.38) having the lowest root:shoot ratios.
Lc, Sv, and Tc all had root:shoot ratios between 0.86
and 0.91.
The role of individual species was indicated by the
relative contribution of each species to the overall shoot
biomass in the multispecies plots. As in the 1-species
plots, Sv was the dominant species in terms of biomass.
Sv contributed 55% and 41% of the shoot biomass in
all of the 3- and 6-species plots, respectively (Fig. 3),
substantially more than what would be expected if all
8 species contributed equally (12.5%). The only other
species that contributed .12.5% in the 6-species plots
was Jc (27%). Lc was third with 10%, followed by Sb
with 7.1%. All other species contributed 3% or less to
the total shoot biomass in the 6-species plots. In the
3-species plots, Jc contributed 21% and all other spe-
cies contributed 6% or less.
Average root:shoot ratios in the 1-, 3- and 6-species
plots were 0.92, 1.24, and 1.11, respectively. The effect
of species richness on total biomass (roots 1 shoots)
was significant (P , 0.001), with 6-species plots great-
er than 1-species plots (P 5 0.011), and 3-species plots
being intermediate. Regression analysis confirmed the
effect of species richness on total biomass (r2 5 0.34,
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FIG. 5. Relationship between the total biomass (including
roots, shoots, and litter, but not turf) and the number of species
planted for plots with Salicornia virginica (top) and without
(bottom); n 5 60 (15 for all levels of species richness) in the
top panel, and n 5 39 (15 for 0 species, 13 for 1 species, 8
for 3 species, and 3 for 6 species) in the bottom panel.
P , 0.001 for all plots; Fig. 5), and indicated that this
relationship was even stronger in plots without Sv (r2
5 0.46, P , 0.001 for plots without Sv, Fig. 5).
Biomass of unplanted species
A number of unplanted species invaded the experi-
mental plots in year three after being weeded in years
one and two. Colonization in the unplanted plots led
to an average diversity of 3.1 species at the end of year
three, attributable almost entirely to the three most
common species: Sb, Sv, and Se. Within the unplanted
plots, these three species contributed 97% of the bio-
mass, with Sb contributing 69%, Sv 22%, and Se 7%.
Of the other five species, only Fs and Jc were found
in unplanted plots.
The biomass in 1-species plots serves as an index of
changes in plant diversity due to species’ abilities to
recruit into other plots and to suppress recruitment by
other species (Fig. 4). The most common invading spe-
cies in the 1-species plots were Sb (54% of the total
invader biomass in 1-species plots), Sv (32%), and Se
(11%). Lc accounted for 2% of the invader biomass,
and all other species accounted for ,1%. Sb and Sv
also dominated the biomass of unplanted species in the
multispecies plots; Sb accounted for 53% of the un-
planted biomass in 3-species plots and 37% in the 6-
species plots, while Sv accounted for 42% in 3-species
plots and 52% in 6-species plots.
In the 40 1-species plots, the biomass of invaders
was suppressed in relation to the biomass produced by
the planted species (log transformed, P , 0.001, r2 5
0.35). Sv plots had the least biomass from unplanted
species, with only 0.1% of the total biomass in the plot
coming from species not planted to the plot (Fig. 4).
Jc plots had 5% of total biomass from unplanted spe-
cies, followed by Lc (8%) and Sb (17%). Plots planted
with Fs, Se, and Bm all ranged from 29 to 34%. At the
other extreme, unplanted species were responsible for
93% of the total biomass in plots where Tc was planted
alone.
N concentrations
Average N concentrations for root tissues in the mul-
tispecies plots were 12.6 6 0.4 mg/g (6-species) and
13.6 6 0.6 mg/g (3-species) (Fig. 6). Root N concen-
trations in the single-species plots averaged 14.8 6 1.0
mg/g. Sb had the highest tissue root concentration (19.2
6 0.4 mg/g), followed by Tc (17.0 6 0.9 mg/g) and
Se (16.5 6 0.5 mg/g). Se, Bm, Sv, and Fs all ranged from
16.5 to 13.0 mg/g, and Jc averaged 8.3 6 0.5 mg/g. Turf
N concentrations were slightly higher than root con-
centrations, with the turf from Jc plots being lowest at
11.2 6 1.2 mg/g and turf from other 1-species plots
ranging from 15.6 to 23.3 mg/g (Fig. 6). Litter ranged
from 9.7 to 16.1 mg/g in the single-species plots (Fig.
6). There were species-specific effects on shoot N con-
centrations in the 1-species plots (P , 0.001; Fig. 7),
with Tc having the greatest concentration and Jc having
the lowest. When averaged across all shoot samples
from the experiment, tissue concentrations of individ-
ual species showed similar patterns, although the range
in N concentration was less. Shoot N concentrations
for most species ranged from 12 to 17 mg/g (Fig. 7).
N pools
Differences in the N pools among plots reflected dif-
ferences in biomass rather than differential N concen-
trations. Roots and shoots each contributed about
equally to the N pool in the multiple-species plots (Fig.
8). As with biomass, the majority of the N root pool
accumulated in the surface 0–6 cm, with 69% of the
total in 6-species plots and 73% in the 3-species plots.
The turf N pool was 0.99 6 0.14 g N/m2 in 6-species
plots and 0.76 6 0.16 g N/m2 in 3-species plots. For
individual species, the turf pool averaged ;14% of the
vascular plant pool. The turf N pool was 23% of the
vascular plant N pool for Sb (maximum proportion)
and 8% for Sv (minimum).
More N accumulated in tissues in 6-species plots
than in 1-species plots (P 5 0.03; Fig. 8). As with
biomass results, the 3-species plots were intermediate
between these two values. A total of 11.6 g N/m2 ac-
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FIG. 6. Mean tissue N concentrations for root (top), litter (middle), and turf (bottom) in 2000 (11 SE). Means by species-
richness treatments are on the left, and means for each of the individual species, planted alone, are on the right. Different
lowercase letters above data bars indicate that means were significantly different (P . 0.05) based on Tukey’s multiple
comparisons. Species abbreviations are explained in the Fig. 1 legend.
FIG. 7. Mean tissue N concentrations for
shoots in 2000 (11 SE). Open bars indicate
means for all samples collected, both planted
and unplanted, for a species, and shaded bars
indicate means only for samples from plots
where a species was planted in 1-species plots.
For the data from 1-species plots, different low-
ercase letters above data bars indicate that
means were significantly different (P . 0.05)
based on Tukey’s multiple comparisons. Species
abbreviations are explained in the Fig. 1 legend.
cumulated in plant tissues and litter within the 6-spe-
cies plots. Regression analysis indicated that the re-
lationship between species richness and N retention
was even stronger in plots without Sv (r2 5 0.43, P ,
0.001, [total N 5 3.38 1 1.37 3 species number], n
5 39) than for all plots in the richness analysis (r2 5
0.32, P , 0.001, [total N 5 4.48 1 1.40 3 species
number], n 5 60).
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FIG. 8. Mean N accumulation in 2000 (11 SE). Means by species-richness treatments are on the left, and means for each
of the individual species, planted alone, are on the right. Bars are divided to indicate the amount contributed by roots, shoots,
litter, and turf. Different lowercase letters above data bars indicate that means were significantly different (P . 0.05) based
on Tukey’s multiple comparisons. Species abbreviations are explained in the Fig. 1 legend.
In the 1-species plots, the species planted signifi-
cantly affected the size of the N pools (P , 0.001).
More N accumulated in Sv plots than in any other 1-
species plots, with a total of ;13.7 g N/m2, not in-
cluding turf N (Fig. 8). Lc, Fs, Jc, Sb, Se, and Bm had
midrange values of N accumulation, with 5.5 to 9.0 g
N/m2 in their tissues. Tc accumulated only 2.9 g N/m2,
significantly less than Sv, Lc, and Fs. The contribution
of individual species to the shoot N pool in the mul-
tispecies plots followed biomass patterns, with Sv con-
tributing 52% and 42% of the N pool in the 3- and 6-
species plots, respectively (compared to 12.5% if all
eight species contributed equally). Jc contributed 22%
in the 3-species plots and 27% in the 6-species plots.
All other species contributed 9% or less to the shoot
N pool.
DISCUSSION
The southern California salt marsh is a useful model
for testing the relationship between diversity and eco-
system functions, because the number of native species
is small, and the species commonly co-occur in assem-
blages of two to six species, as Vitousek and Hooper
(1993) recommend for such experiments. Most studies
that have evaluated the effects of species number have
occurred in species-rich grassland ecosystems, with up
to 32 species in the diversity treatments (Tilman et al.
1997, Hector et al. 1999). Our experimental treatments
represent actual diversity levels at the 2 3 2-m scale,
with a range from 6 species/4 m2 in relatively undis-
turbed wetlands to a single species in areas with hy-
drologic modifications (Zedler et al. 2001). While most
diversity experiments have addressed only biomass ac-
cumulation, we added N retention, a key concern for
salt marsh restoration and functioning. Hence our re-
sults inform both basic ecological understanding and
restoration and management. The need to understand
the implications of biodiversity for the restoration and
management of ecosystems is critical (MacMahon and
Holl 2001, Tilman et al. 2001), and because a suitable
goal of restoration is to provide functional ecosystems
(Ehrenfeld and Toth 1997), it is prudent that ecologists
test theory and develop tools for using diversity to
provide maximally functioning ecosystems (Mac-
Mahon and Holl 2001).
Differences among species
In our field experiment, we found unique features of
plots planted with one species. Sv was dominant in
many aspects. Within the 1-species plots, Sv ranked
first in all measures of biomass and N retention, except
for belowground biomass in 2000, where it ranked sec-
ond. Sv also dominated in the multispecies plots. In
the 3-species plots where it was planted (7 of 15 plots),
Sv contributed 82.5% of the shoot biomass instead of
the 33.3% expected if all 3 species contributed equally.
In the 6-species plots where it was planted (12 of 15
plots), Sv contributed 53.5% of shoot biomass instead
of 16.7%, assuming equal contribution from all species.
This level of dominance helps explain why Sv is the
most abundant species in southern California salt
marshes.
Jc was the only other species that consistently con-
tributed substantial biomass to multispecies plots, both
as roots and shoots. Tc had the highest N concentration
in shoots, similar to greenhouse results (Sullivan and
Zedler 1999), while Sb had the highest N concentration
in roots. G. Sullivan (unpublished data) found more
individuality among the same species in a greenhouse
experiment, with each of the eight species excelling in
at least one attribute. Other species also made contri-
butions in the field in terms of canopy complexity, with
each species having unique canopy characteristics
(Keer and Zedler 2002). Species effects on canopy
1636 JOHN C. CALLAWAY ET AL. Ecological ApplicationsVol. 13, No. 6
characteristics were also more obvious in the green-
house than in the field experiment (Keer and Zedler
2002). Note that in the field, plots were allowed to
change composition in year three, but greenhouse plots
had constant composition over the two-year experi-
ment.
Our plots changed in part due to recruitment, but
they were also affected by differences in individual
species’ ability to suppress recruitment. Earlier diver-
sity experiments maintained original planting treat-
ments by weeding over extended periods (e.g., Tilman
et al. 1997) and do not provide direct insight into the
temporal dynamics of species diversity. Suppression of
voluntary recruits (unplanted species) varied by spe-
cies, and the species that developed substantial biomass
in the 1-species plots (e.g., Sv and Jc) had the greatest
effect in suppressing recruitment of other species, con-
firming the link between cover or biomass, available
resources, and invasibility (Knops et al. 1999, Levine
2000, Naeem et al. 2000, Symstad 2000). The ranking
of shoot biomass of species planted to 1-species plots
(Sv . Jc, Lc, Sb, Se, Fs, Bm, Tc) was almost the same
as their ranking for suppression of recruitment (Sv .Jc,
Lc, Sb, Bm, Fs, Tc, Se). Multiple-species plots with
Sv had lower diversity in the 20 3 120 cm subplot that
was sampled for aboveground biomass (3.1 and 5.2
species for 3- and 6-species plots) than in plots where
Sv was absent (4.5 and 7.3 species for 3- and 6-species
plots; P 5 0.048 for 3-species plots and 0.024 for 6-
species plots, pooled variance t test), confirming the
ability of Sv to suppress establishment of other species.
At Tijuana Estuary, the regionally dominant species
contributed the greatest biomass to experimentally
planted plots, retained the most N, established fre-
quently from seed, and reduced recruitment by other
species. If our results hold at increasing scales of res-
toration, we would expect unplanted salt marshes to be
limited to a few easily establishing species and to de-
velop ecosystem functions more slowly than sites
planted with multiple species. If particular species are
not planted initially, their contribution to the ecosystem
may be severely limited, and unplanted sites might nev-
er achieve the functional levels of species-rich sites.
Species-richness effects
Our results indicate that even in an ecosystem with
relatively low plant diversity, species richness can be
important in determining biomass and N retention. We
found a consistent increase in ecosystem functioning
with increased species richness, and similar responses
in biomass and N retention both above- and below-
ground. Diversity levels predicted 34% of the vari-
ability in total biomass and 32% of the variability in
total N retention. After three years, 6-species plots had
411% more N in biomass than unplanted plots and 59%
more N than the average 1-species plots, although the
1-species Sv plots were comparable to the multispecies
plots. In a fresh water aquatic plant community with
four species, Engelhardt and Ritchie (2001) recently
showed that increased vascular plant diversity resulted
in greater total plant (vascular and algal) biomass and
P retention, but variability was high, and their r2 value
for the number of species and total biomass (including
algae) was only 0.04 with P 5 0.06. Although we ex-
plained much more of the variance, it is understandable
that the use of 15 unique assemblages within the 3-
and 6-species treatments still had unexplained vari-
ability. Under controlled conditions in a greenhouse,
G. Sullivan (unpublished data) replicated each assem-
blage and confirmed our findings from the field, with
even greater statistical significance for species diversity
treatments.
Richness vs. species-specific effects
Debate over how to interpret results from diversity
experiments has focused on the effect of species num-
ber on ecosystem functioning vs. the effect of species
composition, i.e., the chance inclusion of a particular
species (called a sampling effect [Huston 1997, Tilman
et al. 1997]). Because both species number and com-
position have been shown to play significant roles in
ecosystem functioning (e.g., Hooper and Vitousek
1997, Tilman et al. 1997, 2001, Engelhardt and Ritchie
2001), there is now a need for unifying theory on the
relative importance of these two factors across different
systems. Given that Sv dominates most southern Cal-
ifornia salt marshes and that biomass and N accumu-
lation rates for Sv grown alone were similar to the
multispecies plots, this ecosystem might be expected
to show a strong sampling effect as the driver for spe-
cies-richness effects. However, analysis of biomass and
N retention data in plots where Sv was not planted also
showed a significant effect of species number (Fig. 5),
indicating that Sv is not the only species responsible
for increased function.
Two mechanisms by which species-rich vegetation
could increase biomass and N retention in plots of high-
er diversity are the differential use of the canopy in
absorbing light and the differential use of the root zone
in obtaining N. The former is supported by the findings
of Keer and Zedler (2002) in this same experiment,
namely, that species-rich plots had more canopy layers
than species-poor plots. In Switzerland, Spehn et al.
(2000) found increases in average height and other can-
opy characteristics with increasing species richness;
they favored complementary use of light as the best
explanation. We agree that complementary canopies
and increased layering of leaves contribute to the rich-
ness effect.
Evidence for spatial differentiation belowground is
weak in our results. We did not find large differences
in rooting depths or distributions among species, al-
though our 6-cm sampling strata might not be optimal
for identifying differences. Alternatively, there could
be temporal sharing of belowground resources. This is
likely for some species, since we know that active pe-
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riods of growth differ substantially. Tc grows vigor-
ously in winter and reaches peak biomass by late
spring, while Sb seedlings appear around this time pe-
riod and achieve maximum biomass in late summer
(Zedler al. 2001). Even the evergreen perennials tend
to be most active throughout late spring and summer
(Onuf 1987); their temporal patterns of N loss (and
availability for uptake by associated species) might ex-
plain why only a small subset of the possible combi-
nations of the marsh plain’s eight halophyte species
actually occur in the region’s salt marshes (H. N. Mor-
zaria-Luna, J. B. Zedler, J. C. Callaway, and G. Sul-
livan, unpublished manuscript), and temporal segre-
gation of resource use could account for some of the
species-richness effect. Complementary use of N by Tc
and Sb is being explored using 15N (H. N. Morzaria-
Luna, personal communication), and more work of this
kind is needed.
Applications to wetland restoration
Our diversity-function experiment is the first to focus
on the relationship of species diversity and the devel-
opment of ecosystem functions in a restoration setting.
The marsh plain was initially bare, and we maintained
planted assemblages and unplanted plots for two years;
this kept the assemblages constant in the planted plots
and allowed us to compare recruitment potential in the
unplanted plots over two growing seasons. While this
served our scientific goals, the removal of seedlings
slowed restoration. In year three, we allowed all plots
to accumulate new species through seedling recruit-
ment, and our subsequent evaluation of changes in spe-
cies diversity indicated the likelihood that a plot would
increase in species richness over time. The value of
planting for restoration projects has been debated, but
clearly planting is important for some restoration at-
tempts (e.g., see Mitsch et al. 1998, Streever and Zedler
2000). Planting is especially common for small, iso-
lated wetlands and for projects where particular species
of interest may be dispersal limited. In arid-region wet-
lands, lack of planting risks high rates of evapotrans-
piration at the soil surface, leading to salt crust for-
mation and lower plant survival (Zedler et al. 2003).
Performance of unplanted plots.—Our inclusion of
bare plots is relevant to restoration projects that do not
involve planting, instead allowing the plant community
to develop the diversity and function of natural, ref-
erence ecosystems on its own (Mitsch et al. 1998). Our
data indicate that in the short term, unplanted plots are
not likely to support high levels of diversity or function,
in large part because only three of the eight species are
likely to recruit seedlings (Lindig-Cisneros 2001). Sv,
Sb, and Se established in the first year following weed-
ing, but diversity is unlikely to increase over time;
rather, we expect Sb and Se to be overwhelmed by the
regional dominant (Sv) in the unplanted plots. In our
multispecies plots that contained Sv and other species,
Sv consistently became the dominant. For example, in
the 3-species plots that were planted with both Se and
Sv (n 5 3), Sv averaged 87% of the shoot biomass in
year three, and in the 3-species plot with Sb and Sv (n
5 1), Sv comprised 88% of the shoot biomass. Se and
Sb were either absent or contributed minimal biomass
to these plots. Because Sb and Se are an annual and a
short-lived perennial species, respectively, they may
not remain where environmental conditions favor pe-
rennial vegetation, i.e., the more well-drained sites
(Ferren et al. 1997). Also, in our experimental plots,
Sv was able to suppress recruitment of other species.
This pattern of Sv dominance seems to be most likely
where tidal flushing is impaired and soils become dry
and hypersaline. At Los Pen˜asquitos Lagoon, which
has undergone long periods without tidal wetting, Sv
formed a monotype that accumulated 2.5 times the bio-
mass of the more diverse vegetation of Tijuana Estuary
(Zedler et al. 1980). Based on this evidence, we expect
Sv to continue to contribute the majority of biomass
in unplanted plots of this relatively well-drained marsh
plain.
Large-scale salt marsh restoration projects in Cali-
fornia are even more likely to be dominated by Sv,
unless other species are introduced. Unlike our exper-
iment, in which we introduced all eight species in rel-
atively even numbers, and for which most reproduced
by seed, the typical restoration site would likely receive
seeds primarily from Sv, the most common salt marsh
plant in the region (Zedler 1982, Sullivan 2001, Zedler
et al. 2001). Sv’s combined ability to (a) gain access
to a restoration site, (b) recruit into open patches and
(c) dominate salt marsh biomass suggests that other
species need to be planted. We suggest that species
pools for other regions and ecosystem types be eval-
uated similarly. Species with superiority in dispersal,
recruitment, and biomass accumulation should colonize
restoration sites unaided; others could be targeted for
planting, especially where the objective is the estab-
lishment of diverse assemblages. If species that rank
low in seed availability and recruitment are not planted
initially, they might not establish on their own or their
relative contribution to the ecosystem might be very
small. Among the most common shortcomings of re-
stored wetlands is their low species richness relative
to reference sites (NRC 2001). Unless pains are taken
to introduce species with low dispersal, recruitment,
and growth rates, the opportunity to achieve positive
effects of species-rich vegetation could be lost.
Performance of multispecies plots.—Given the sig-
nificant effects of species richness on biomass and N
retention, we recommend using a diversity of species
in future plantings and experiments. For salt marsh
restoration efforts, the link between diversity and N
retention has the most important management impli-
cations because many restoration projects are located
in areas with coarse soil and low N conditions (Lindau
and Hossner 1981, Craft et al. 1988, 1991, Langis et
al. 1991). Restoration techniques that improve N re-
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tention, such as the planting of diverse assemblages,
can be used to accelerate the overall development of a
restored wetland.
The link between diversity and function in our salt
marshes also has implications for the management of
degraded ecosystems. Many coastal salt marshes in
southern California have altered hydrology, and these
marshes tend to have lowered plant species richness
(Zedler 2001, Zedler et al. 2001). There is concern for
the overall biodiversity of wetland species in the region
because hydrological modifications are increasingly
common. In addition to direct impacts from hydrolog-
ical modifications, our data indicate that modified sites
could have reduced ecosystem functioning due to bio-
diversity declines. If regional diversity declines are
enough to reduce propagule availability, this could fur-
ther affect local diversity (Levine 2000). Loreau et al.
(2001) indicate that regional diversity effects and dis-
persal limitations are likely to feed back and reduce
the pool of colonizers. These links provide further sup-
port for the need to manage the region’s remaining
wetland habitats to enhance and sustain biodiversity.
We conclude that the planting of multiple species
significantly increased average rates of both biomass
and N accumulation. The effect of species richness was
not due solely to the chance inclusion of the dominant
species (a species-specific effect). Thus, manipulating
both species richness and species composition can be
an important tool in restoring ecosystem functions. In
future restoration projects, we suggest planting mul-
tiple species, excluding those that should recruit with-
out assistance.
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